There are limited published data addressing the costs associated with pediatric heart transplantation and no studies evaluating the variation in costs across centers. We aimed to describe center variation in pediatric heart transplant costs and assess the association of transplant hospitalization costs with patient outcomes. Using a linkage between the Pediatric Health Information System and Scientific Registry of Transplant Recipients databases, hospital costs were assessed for patients (< 18 years of age) undergoing heart transplantation (2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016). Severity-adjusted patient costs were calculated using generalized linear mixed-effects models with a random hospital intercept. Center variation in hospital cost was described after adjusting for the predicted risk of in-hospital mortality. Post-transplant survival was compared between low-and high-cost centers using Cox proportional hazard models. A total of 2156 patients were included from 24 centers. There was 3.7-fold variation in transplant hospitalization costs across centers, ranging from $329,477 to $1,226,507. Patients transplanted at high-cost centers have a higher predicted risk of in-hospital mortality (8.1% vs. 6.1%, p < 0.001). Both early (p = 0.008) and long-term (p = 0.003) post-transplant survival were better in patients transplanted at low-cost centers. Transplant at low-cost centers was associated with improved post-transplant survival, independent of patient-specific risk (adjusted hazard ratio 0.72; 95%CI 0.57-0.92, p = 0.008). There is wide variation in cost for pediatric heart transplant inpatient care among U.S. centers with low-cost centers demonstrating the best patient survival. Differences in patient populations likely contribute to these findings, but cannot account for all the variation seen. This suggests that variability in the delivery of care across centers may influence post-transplant survival.
Introduction
In the recent era, there is increasing focus on providing high "value" care, with an emphasis on optimizing patient outcomes while minimizing costs [1, 2] . Multiple studies have demonstrated significant variation in costs among centers performing congenital heart surgery [3, 4] , associated in part to differences in post-operative complications and lengths of stay [5] . More importantly, lower cost hospitals demonstrate the best post-operative outcomes following congenital heart surgery independent of disease severity, suggesting that higher cost is not clearly associated with higher quality care [2] . Heart transplantation is a well-accepted treatment for end-stage heart failure in children [6] . However, it is known to be resource intensive with median transplant hospitalization costs exceeding $500,000 in the pediatric population [7] . Despite some overlap in practice patterns among pediatric heart transplant centers [8] , there remains significant variability in transplant candidate selection and listing practices [9] [10] [11] , waitlist times [12] , pre-transplant support strategies [13] , selection of immunosuppression [6] , and post-transplant surveillance [14] . This variation in practice has the potential to impact both costs and patient outcomes; however, the differences in cost among heart transplant centers have not been studied in the pediatric population. This study aimed to utilize a novel linkage of clinical registry and administrative data to report the center-level variation in costs associated with pediatric heart transplantation and to assess the association of center costs with patient outcomes. We hypothesized that there would be significant variation in costs among pediatric heart transplant centers and that low-cost centers would demonstrate better survival, similar to what has been described for non-transplant pediatric cardiac surgery.
Methods
This study utilized a novel linkage between the Scientific Registry of Transplant Recipients (SRTR, Minneapolis Medical Research Foundation, Minneapolis, MN) and the Pediatric Health Information System (PHIS, Children's Hospital Association, Lenexa, KS) administrative database which has been previously described [7] . The SRTR data system includes data on all donor, wait-listed candidates, and transplant recipients in the U.S., submitted by the members of the Organ Procurement and Transplantation Network (OPTN). The Health Resources and Services Administration, U.S. Department of Health and Human Services provides oversight to the activities of the OPTN and SRTR contractors. The SRTR includes data from every organ transplant and waitlist addition since October 1987 [7] . The PHIS database is an administrative database that collects clinical and resource utilization data from 49 tertiary children's hospitals. This includes data from inpatient hospitalizations, observation, ambulatory surgery, and emergency department visits. This database also collects diagnosis and procedural ICD-9 and ICD-10 codes, payer information, along with encounter-level hospital charge data [7] .
All patients < 18 years of age who underwent heart transplantation between 2007 and 2016 were identified from the linked database for inclusion in the analysis. Patients transplanted at hospitals that performed < 15 heart transplant procedures over that timeframe were excluded. This number was chosen to ensure that an adequate number of transplants were performed at each included center, allowing a more representative assessment of center-level costs. Patient-level hospital charges for the transplant hospitalization were converted to costs using hospital-specific and year-specific cost-to-charge ratios reported by each hospital.
All costs were adjusted for inflation to 2016 U.S. Dollars using the medical component of the Consumer Price Index. Severity-adjusted patient costs were calculated using generalized linear mixed-effects models with a random hospital intercept. Since costs are not normally distributed, we modeled the natural log of costs and severity-adjusted the models using independent variables, which were selected a priori. Variables selected for inclusion in the severity-adjustment model were patient age, underlying cardiac diagnosis of congenital heart disease or cardiomyopathy, race, blood type, use of extracorporeal membrane oxygenation (ECMO) support pre-or post-transplant, pre-transplant ventricular assist device (VAD) support, pre-transplant ventilator support, pretransplant inotropic support, and transplant year. Costs were then transformed back to the original scale for subsequent analyses.
Median total, pre-, and post-transplant hospitalization severity-adjusted costs were calculated for each center. Variations in center costs were described using standard summary statistics. Transplant centers were ranked based on median adjusted transplant hospitalization cost. Low-cost centers were defined as transplant programs with a median adjusted total cost placing them in the bottom one-third compared to all other centers. Patient demographics were compared between low-cost centers and high-cost centers using standard summary statistics. The Chi-square test was used for categorical and the Wilcoxon rank-sum test was used for continuous variables. Adjusted total, pre-transplant (admission to the day prior to transplant), and post-transplant (day of transplant including transplant surgery costs to hospital discharge) hospitalization costs were compared across cost groups using the Wilcoxon rank-sum test. Costs were subdivided into categories including pharmacy, laboratory, imaging, supply, clinical, and other (primarily room and nursing charges) costs and the analysis was repeated.
To account for potential population differences between high-and low-cost centers, the predicted risk of in-hospital mortality was calculated for each patient using the risk model developed by Almond et al. [15] . While other risk models exist to predict outcomes following pediatric heart transplantation [16] , this model was chosen given availability of data. Other risk-prediction models were not able to be assessed given the lack of variables necessary for inclusion in the model. The risk-prediction model developed by Almond et al. gauges patient risk on the basis of pre-transplant factors including the need for ECMO support, VAD support, repaired or unrepaired congenital heart disease, and pre-transplant bilirubin and creatinine clearance. Patients with missing data for any variable included in the risk model were excluded from this analysis. The predicted risk of inhospital mortality was compared between high-and lowcost centers using the two-sided Student's t test. The average predicted risk of in-hospital mortality was calculated for 1 3 each transplant center. A linear regression was performed to assess the degree of cost variation attributable to differences in center-level risk.
To assess the relationship between center costs and patient outcomes, post-transplant survival curves were constructed for each cost group using the Kaplan-Meier method and compared using the log-rank test. Two separate Cox proportional hazard models were constructed to assess if center cost was independently associated with post-transplant survival. In the first model, patient-specific pre-transplant variables with univariate p < 0.2 were chosen for inclusion in the model. The final model included low-cost versus high-cost centers, cardiac diagnosis, race, use of ECMO pre-transplant, VAD support pre-transplant, and ventilator support pre-transplant. The second model included low-cost versus high-cost centers and the predicted risk of in-hospital mortality as calculated from the risk-prediction model published by Almond et al. [15] . Two separate models were used to provide further evidence of the variation in outcomes, independent of patient risk. Standard error estimates for all models were adjusted for patient clustering within centers.
To assess the potential impact of center transplant volume on costs, a linear regression was performed using the center median adjusted total cost and the average number of pediatric heart transplants performed annually at each center (based on OPTN data). Linear regression was also performed to assess the association of pre-and post-transplant costs.
All statistical analyses were performed in SAS version 9.4 (SAS Institute, Cary, NC) or STATA version 13 (StataCorp LLC, College Station, TX) with two-sided p < 0.05 considered statistically significant. This project was approved by the Vanderbilt University IRB, PHIS, and SRTR.
Results
A total of 2156 pediatric heart transplant recipients from 24 different centers were identified for inclusion in the study. There was a median of 94 patients included from each center (range 18-181). The median severity-adjusted total hospitalization cost for all patients was $540,459 (interquartile range [IQR] $393,777-$789,340), and the median adjusted total cost per center ranged from $329,477 to $1,226,507, representing a 3.7-fold variation among centers (Fig. 1) . The median pre-transplant adjusted hospital cost was $183,411 (IQR $93,546-$349,024) with a range from $78,685 to $353,779 (4.5-fold variation) and the median post-transplant adjusted hospital cost was $341,033 (IQR $265,884-$459,600) with a range from $200,307 to $905,050 (4.5-fold variation).
Eight centers were identified as low-cost, with 705 (32.7%) patients undergoing heart transplant at those centers. Baseline patient demographics comparing patients from low-cost centers to those from high-cost centers are shown in Table 1 . There was no difference between groups based on patient age, diagnosis, sex, blood type, listing status, inotropic support at transplant, and the need for ECMO or VAD support at the time of transplantation. Patients transplanted at high-cost centers were more likely to require ventilator support at the time of transplantation (20% vs. 8.9%, p < 0.001) and were more likely to utilize inhaled nitric oxide post-transplant (46.2% vs. 28.6%, p < 0.001). Post-transplant complications were similar between groups in terms of the incidence of rejection, stroke, chylothorax, the need for cardiac reoperation or other surgical procedures, and the need for ECMO support post-transplant. However, patients transplanted at high-cost centers were more likely to receive post-transplant dialysis (6% vs. 3%, p = 0.003) and have chest tubes in place > 2 weeks post-transplant (11.8% vs. 6%, p < 0.001). Total, pre-, and post-transplant length of stay were significantly higher at high-cost centers compared to low-cost centers (60, 28, and 22 days vs. 46, 24, and 14 days, respectively, p < 0.05 for all). This group also demonstrated a longer duration of post-transplant mechanical ventilation (4 vs. 3 days, p < 0.001) and longer ICU length of stay (13 vs. 7 days, p < 0.001) post-transplant. Despite the differences in length of stay, total waitlist times (inpatient and outpatient) were not significantly different between groups (52 vs. 51 days, p = 0.575).
A total of 2057 patients (95%) had complete data allowing estimation of in-hospital mortality risk. Ninety-nine patients were excluded due to missing data (27 from low-cost and 72 from high-cost centers, 3.8% vs. 5.0%, p = 0.239). The average predicted risk of in-hospital mortality across all patients was 7.4% (95% confidence interval [CI] 7.0-7.9%). Patients transplanted at high-cost centers demonstrated a higher
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Total, pre-, and post-transplant severity-adjusted costs are shown in Table 2 . Median adjusted total hospitalization cost for low-cost centers was $388,114 compared to $642,798 for high-cost centers, with persistent differences for pre-transplant ($119,007 vs. $224,212) and post-transplant ($259,359 vs. $397,886) periods (p < 0.001 for all). High-cost centers also demonstrated significantly higher costs in all resource groups including pharmacy, laboratory, imaging, supply, clinical, and other costs, with up to 15-fold variation across centers based on the specific area of spending (Table 3) .
Center transplant volume was not associated with median total severity-adjusted cost per center (R 2 = 0.003, p = 0.795) (Fig. 3) , nor with pre-transplant (R 2 = 0.02, p = 0.499) or post-transplant (R 2 = 0.001, p = 0.918) hospitalization costs. However, there was a correlation between pre-transplant and post-transplant costs (R 2 = 0.404, p < 0.001). Patients transplanted at low-cost centers demonstrated improved survival compared to patients transplanted at highcost centers (log rank p = 0.003) (Fig. 4) . This difference remained significant when early (< 1 year) post-transplant survival was assessed (log rank p = 0.008). When assessed in separate multivariable models, undergoing transplant at a low-cost center was independently associated with improved post-transplant survival after accounting for patient risk factors directly as covariates in the model and when adjusting for the predicted risk of in-hospital mortality (adjusted hazard ratio [AHR] 0.74; 95% CI 0.58-0.93, p = 0.011 and AHR 0.72; 95% CI 0.57-0.92, p = 0.008, respectively).
Discussion
This multicenter analysis represents the first report describing the variation in hospitalization costs across U.S. pediatric heart transplant centers. In addition to providing benchmark cost data for pediatric heart transplantation (in 2016 U.S. dollars), we demonstrate wide variation in costs that is independent of transplant center volume and only partially explained by underlying patient-severity/predicted risk of in-hospital mortality after transplantation. These findings suggest that there may be variation in the delivery of cost-effective care among transplant programs.
There are multiple factors that likely contribute to variation in costs across U.S. transplant centers; some of which may not be modifiable. Centers vary in their thresholds to pursue transplantation in high-risk patients and therefore it is likely that patient populations vary by center. In fact, our analysis suggests that high-cost centers Average predicted risk of in−hospital mortality Fig. 2 Median severity-adjusted cost per transplant hospitalization based on the average predicted risk of in-hospital mortality by center. Note One center was an outlier (median cost > 3 standard deviations above the mean) and was excluded from this analysis transplant higher risk patients. Patients from high-cost centers more frequently required ventilator support at the time of transplantation, were less likely to be outpatient at the time of transplant, and demonstrated an increased risk of in-hospital mortality based on a previously validated risk-prediction model. Linear regression analysis demonstrated that the predicted risk of in-hospital mortality correlated with median total cost at the center level, however, only a portion of total costs could be attributed to variations in pre-transplant risk. While the risk-prediction model implemented has inherent limitations, this suggests that other factors independent of patient complexity and risk may also contribute to the center variation in costs. Similar to patients undergoing congenital heart surgery [2, 3, 5, 17] , post-transplant complications and resulting length of stay may play a role in the variation in heart transplant costs across centers. Low-cost centers demonstrated significantly shorter total, pre-, and post-transplant length of stay compared to high-cost centers. In addition to this, patients transplanted at high-cost centers were significantly more likely to require post-transplant dialysis, have treated rejection, prolonged chest tube drainage, and were more likely to require non-cardiac surgical procedures. While post-operative complications may contribute to differences in post-transplant length of stay, this does not account for the differences in pre-transplant length of stay. Prior studies have demonstrated significant regional variation in waitlist times [12] , which may contribute to this finding. Despite this, there was no significant difference in waitlist times in our analysis. This may indicate differences in listing strategies among transplant programs in terms of timing of listing as well as determination of listing status. In fact, prior studies support the notion that transplant centers vary in their application of listing criteria [10, 11] . These differences may become even more significant with recent updates to the pediatric listing criteria [18] , which are expected to result in increased utilization of status exceptions and may alter waitlist support strategies across centers. In addition to the potential for varying waitlist times, geographic factors may influence costs in other ways. The cost of organ procurement varies widely [19] . Geography likely contributes to this based on the size of the potential organ donor pool as well as the associated travel expenses for organ acquisition. In addition to this, reimbursement rates vary based on geography, potentially impacting our analysis [20] .
There are limited prior studies addressing the costs associated with pediatric heart transplantation. A prior singlecenter study reported a mean cost of $221,897 for pediatric heart transplants performed between 1997 and 2004 [21] . Subsequently, Law and colleagues reported mean hospital charges ranging from $279,399 in 1997 to $451,738 in 2006 from a large administrative database [22] . These results are comparable to the current analysis, accounting for inflation. A more recent study, which also utilized the PHIS database, highlighted the potential for variation in resource utilization across pediatric heart transplant centers dependent on center volume [23] . Our analysis provides contemporary high-quality cost data from the largest cohort of pediatric heart transplant recipients to date. The linkage of PHIS and SRTR also enables the first analysis addressing the association between costs and pediatric heart transplant outcomes.
In our analysis, low-cost centers demonstrated improved post-transplant survival compared to other centers. While differing patient risk contributes to this finding, improved survival at low-cost centers remained significant when multiple adjustments were made to account for varying patient risk. This finding is comparable to prior studies which have shown that low-cost centers have the best post-operative outcomes following congenital heart surgery, independent of disease severity [2] . Additionally, multiple prior adult studies have associated low-cost with higher "quality" care [24] [25] [26] . These findings indicate that the same relationship exists between cost and survival in pediatric heart transplantation and suggests that there may be underlying differences in the delivery of care across centers.
Limitations
There are inherent limitations to our analysis. We were only able to adjust for population differences based on variables contained in the linked dataset. Given the inherent lack of data granularity, it is possible that there are population differences between centers that were not captured by our analysis. Centers vary in their thresholds to pursue transplantation in high-risk patients and there are notable population differences between high-and low-cost centers. It is possible that low-cost centers are more conservative with listing patients perceived as high-risk. However, our analysis demonstrates that variation in pre-transplant risk only accounts for a fraction of the variation in costs observed. Despite this, the use of risk-prediction models also has limitations. The pediatric heart transplant population is extremely heterogeneous. Therefore, developing a model to fully encompass risk across this diverse group can be challenging. Alternate risk-prediction models also exist, but were unable to be assessed in our analysis due to lack of data availability. To ensure an adequate number of transplant patients at each center from which to estimate costs, the smallest volume centers were excluded, representing a potential limitation. In addition to this, PHIS data do not include physician professional fees, resulting in an expected underestimation of costs. Lastly, as with any large dataset, there is the potential for missing or erroneous data.
Conclusion
This multicenter analysis demonstrates wide variation in costs among pediatric heart transplant centers with up to 3.7-fold differences in median severity-adjusted cost per center. Low-cost centers demonstrate fewer post-transplant complications, shorter length of stay, and improved post-transplant survival compared to other centers. Patients transplanted at high-cost centers are higher risk; however, differences in pre-transplant risk only account for a portion of the cost variation observed, suggesting that there may be inherent differences in the delivery of care among pediatric heart transplant programs.
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